Introduction
============

Treatment options for pancreatic cancer have improved in past decades with the development of molecular targeted therapies and chemotherapy ([@b1-ijo-57-03-0721],[@b2-ijo-57-03-0721]); however, most pancreatic cancers remain unresectable when detected, and the 5-year survival rate is \<10% due to difficulties in early detection ([@b3-ijo-57-03-0721]), rapid progression of the primary tumor and metastatic lesions, resistance to and/or the requirement for discontinuation of antitumor drugs such as 5 fluorouracil (5-FU), cisplatin and molecular targeted therapy due to insufficient efficacy ([@b4-ijo-57-03-0721]), and strong side effects, including myelosuppression and gastrointestinal disorders ([@b5-ijo-57-03-0721]). It is important to develop novel antitumor drugs that possess sufficient efficacy and safety, particularly for elderly patients and patients with comorbidities.

Recent studies have proposed that intestinal and oral microbiomes are potential factors that influence the outcome of patients with pancreatic cancer, despite most intestinal bacteria not making direct contact with pancreatic tissues under normal conditions ([@b6-ijo-57-03-0721],[@b7-ijo-57-03-0721]); how the intestinal bacteria influence the pathogenesis of pancreatic cancer is unclear. Probiotics are live microorganisms that confer a health benefit on consumers when they are administered in adequate quantities ([@b8-ijo-57-03-0721]). Probiotics are associated with various health benefits, including the conditioning of the intestinal microflora, suppression of excess allergic responses and tumor-suppressive effects ([@b9-ijo-57-03-0721]-[@b11-ijo-57-03-0721]). Previous reports have suggested that certain probiotics exhibit tumor-suppressive effects in colorectal cancer ([@b12-ijo-57-03-0721]), breast cancer ([@b13-ijo-57-03-0721]) and pancreatic cancer ([@b14-ijo-57-03-0721]) *in vitro* and *in vivo* in animal models, indicating that probiotic bacteria may be used safely and effectively for cancer therapy. However, the tumor-suppressive effects of probiotics are influenced by the bacterial culture condition ([@b15-ijo-57-03-0721]) and the various individual intestinal conditions shaped by food particles and medicines ([@b16-ijo-57-03-0721]), resulting in difficulties in achieving stable treatment effects.

Conversely, certain reports have indicated that the molecules derived from probiotics have tumor-suppressive effects. Antimicrobial peptides m2163 and m2386, identified from *Lactobacillus casei* (*L. casei*), induced apoptosis in colorectal cancer cells ([@b17-ijo-57-03-0721]). Our previous study reported that inorganic polyphosphate exhibited tumor-suppressive effects via the activation of ERK ([@b18-ijo-57-03-0721]). Our previous studies also revealed that ferrichrome, identified from *L. casei ATCC334*, exhibited tumor-suppressive effects in colorectal cancer cells and gastric cancer cells through the induction of DNA damage inducible transcript 3 (DDIT3)-mediated apoptosis ([@b19-ijo-57-03-0721],[@b20-ijo-57-03-0721]). Ferrichrome was identified as a bacterial iron-chelating agent, as bacteria acquire Fe^3+^ from the external environment ([@b21-ijo-57-03-0721]). These studies demonstrated the antitumor functions of ferrichrome for the first time in host mammal cells. Notably, the antitumor activity of ferrichrome was demonstrated to be stronger than that of conventional antitumor drugs, including 5-FU and cisplatin, in colorectal cancer cells. Thus, probiotic-derived ferrichrome may exhibit antitumor effects in refractory gastrointestinal cancers, including pancreatic cancer.

In the present study, it was revealed that ferrichrome exhibited an antitumor effect in pancreatic cancer *in vitro* and in a mouse xenograft model *in vivo*, through modulation of the cell cycle and apoptosis, even in 5-FU-resistant (FUR) cells, with no significant adverse events, indicating that probiotic-derived ferrichrome is an attractive candidate antitumor agent that may be applied in the treatment of refractory pancreatic cancer.

Materials and methods
=====================

Cell culture
------------

Human cancer cell lines were cultured in RPMI-1640 (FUJIFILM Wako Pure Chemical Corporation) \[PANC-1 (American Type Culture Collection), PK-1 (Cell Resource Center for Biomedical Research) and PCI-43 (provided by Dr Hiroshi Ishikura at Hokkaido University) ([@b22-ijo-57-03-0721])\] or high-glucose Dulbecco\'s modified Eagle\'s medium (DMEM; FUJIFILM Wako Pure Chemical Corporation) \[SUIT-2 (Health Science Research Resources Bank) and MIA PaCa-II (JCRB Cell Bank)\] supplemented with 10% (vol/vol) FBS (Biosera), 2 mM L-glutamine, 50 U/ml penicillin and 50 *µ*g/ml streptomycin in a humidified atmosphere containing 5% CO~2~ at 37°C.

Animal experiments
------------------

The animal experimental procedures performed were approved by the Animal Experiments Committee of Asahikawa Medical University based on guidelines for the protection of animals published by The Japanese Association of Laboratory Animal Facilities of National University Corporations.

Reagents
--------

Ferrichrome (Sigma-Aldrich; Merck KGaA) was dissolved in distilled water to a concentration of 5 mg/ml, which was used as a stock solution. It was stored at 4°C and used for assays within 6 months. 5-FU (Sigma-Aldrich; Merck KGaA) was dissolved in DMSO to a concentration of 10 mg/ml, which was used as a stock solution. It was stored at -20°C and = used for assays within 6 months. Pifithrin-*µ* (Tokyo Chemical Industry Co., Ltd.) was dissolved by DMSO to a concentration of 10 mg/ml, which was used as a stock solution. It was stored at 4°C and used for assays within 6 months. Each reagent was diluted in DMEM and the cells were treated.

Sulforhodamine B (SRB) assay
----------------------------

The cells were seeded on 96-well microplates at 0.25-1.0×10^4^ cells/well at 24 h prior treatment with the test reagents. An equivalent volume of solvent (distilled water or DMSO) was used to treat control cells. The growth inhibition effects of ferrichrome and 5-FU were evaluated in the range of 1-1,000 *µ*g/ml and 1-10 *µ*g/ml, respectively. Cells were treated with ferrichrome (0.2 *µ*g/ml) and 5-FU (0.2 *µ*g/ml) in a combination study. Then, the cells were fixed in 5% trichloroacetic acid for 1 h at 4°C and washed 4 times in distilled water. The microplates were then dehydrated at room temperature, stained with 0.057% (wt/vol) SRB powder/distilled water (100 *µ*l/well) at room temperature for 30 min, washed 4 times in 0.1% acetic acid and re-dehydrated at room temperature. The stained cells were lysed in 10 mM Tris-buffer and the optical density was measured at 510 nm.

Flow cytometry
--------------

The cells were seeded in 60-mm dishes at 0.5×10^6^ cells/dish. After incubation in ferrichrome (1 *µ*g/ml)-containing medium for 2 days at 37°C, the cells were trypsinized, washed twice with PBS, and fixed in a mixture of 0.5 ml PBS and 2 ml ethanol (100%) at 4°C (the final concentration of ethanol was 80%) overnight. The fixed cells were incubated with 25 U/ml RNase (FUJIFILM Wako Pure Chemical Corporation) at room temperature for 20 min, and propidium iodide solution was added at a final concentration of 50 *µ*g/ml at room temperature for 10 min. The cell cycle was assessed via flow cytometry using a BD FACSCalibur™ (BD Biosciences); 20,000 events were obtained from each sample. The acquired data were analyzed using CELLQuest Pro™ (v5.2.1; BS Biosciences) and ModFitLT™ (v3.0; Verity Software House, Inc.) software.

TUNEL staining
--------------

The SUIT-2 cells were plated on 3.5-cm dishes (2×10^5^ cells/plate) and incubated in 1 *µ*g/ml of ferri-chrome or 3 *µ*g/ml of 5-FU-containing medium for 3 days at 37°C. Control cells were treated with an equal volume of solvent (distilled water or DMSO). The dishes were fixed in 4% paraformaldehyde at room temperature for 1 h and washed extensively with PBS. The dishes were stained using an *in situ* Cell Death Detection kit with TMR red (Roche Diagnostics) according to the manufacturer\'s instructions. The DNA end labelling reaction was performed at 37°C for 1 h. The cells were mounted with an anti-fade mounting medium (Vector Laboratories, Inc.), and the TUNEL-positive cells were visualized via fluorescence microscopy (Keyence Corporation). The TUNEL-positive cells were counted in 6-8 random fields (magnification, ×200).

Western blotting
----------------

Total protein (TP) was extracted from samples using a mammalian cell extraction kit (BioVision, Inc.). The protein concentration was determined using a Bradford protein assay according to the manufacturer\'s instructions (Bio-Rad Laboratories, Inc.). Equal quantities of protein (10-30 *µ*g/lane) were resolved via 12.5% SDS-PAGE, blotted onto a nitrocellulose membrane and then blocked in SuperBlock™ T20 (PBS or TBS) Blocking Buffer (Thermo Fisher Scientific, Inc.) at room temperature for 1 h. The blots were incubated overnight at 4°C with the following primary antibodies: Phosphorylated (p)-p53 (1:1,000; cat. no. ab1431; Abcam), p53 (1:500; cat. no. 506135; Calbiochem; Merck KGaA), cyclin B1 (1:1,000; cat. no. ab32053; Abcam), securin (1:1,000; cat. no. ab79546; Abcam), cyclin D1 (1:500; cat. no. CC12; Calbiochem; Merck KGaA), cyclin-dependent kinase inhibitor 1B (CDKN1B; 1:1,000; cat. no. PAB10300; Abnova) and cleaved poly (ADP-ribose) polymerase (PARP; 1:1,000; cat. no. 5625; Cell Signaling Technology, Inc.). The blots were washed in PBS-0.5% Tween 20 (T-PBS) or TBS-0.5% Tween 20 (T-TBS), incubated with horseradish peroxidase-conjugated secondary antibodies (1:1,000; cat. nos. HAF007 and HAF008; R&D Systems, Inc.) at room temperature for 1 h, washed in T-PBS or T-TBS, and then developed using a SuperSignal™ West Pico enhanced chemiluminescence system (Thermo Fisher Scientific, Inc.). Densitometry was performed using ImageJ v1.8.0 (National Institutes of Health). The averaged protein expression was normalized to actin expression (1:5,000; cat. no. 612656; BD Biosciences).

ELISA
-----

Whole blood was collected from the inferior vena cava of ferrichrome-treated mice. After collection, 3.2% EDTA was added to the blood, and plasma was retrieved via centrifugation at 2,500 × g for 10 min at room temperature. The plasma ferritin levels were determined using a Mouse Ferritin ELISA kit (cat. no. 41-FERMS-E01; ALPCO) according to manufacturer\'s instructions.

Immunocytochemistry
-------------------

Cells were plated on 4-well plastic chamber slides (2×10^5^/well), which were fixed in 4% paraformaldehyde at room temperature for 1 h, washed extensively with PBS, permeabilized with 0.1% Triton X-100 and blocked in SuperBlock T20 (PBS) Blocking Buffer at room temperature for 1 h. The slides were then sequentially incubated with anti-α-tubulin antibody (1:100; cat. no. NB100-690; Novus Biologicals, LLC) at 4°C overnight, washed with PBS and incubated with Alexa Fluor^®^ 594-conjugated secondary antibodies (1:100; cat. no. A11032; Invitrogen; Thermo Fisher Scientific, Inc.) at room temperature for 1 h. The nuclei were counter-stained with Hoechst 33342 (1:2,000; Invitrogen; Thermo Fisher Scientific, Inc.) at room temperature for 5 min. The cells were mounted with an anti-fade mounting medium, and the immunofluorescence was visualized using a fluorescence microscope (magnification, ×1,200; Keyence Corporation) in 11 (control) and 10 (ferrichrome) fields.

Animal experiments
------------------

The protocols of the animal experiments were approved by the Asahikawa Medical University Institutional Animal Care and Use Committee. All aspects of animal welfare were considered, including efforts to minimize suffering and distress, use of analgesics or anesthetics, and special housing conditions. The sacrifice of animals maintained for scientific research was determined according to the completion or discontinuation of the experimental plan. All animals were treated with the test reagents for 10-14 days and then euthanized. A total of 48 BALB/c nude mice and 15 BALB/c mice (male; age, 6-10 weeks; weight, 20-25 g) housed at 20-25°C with 30-60% humidity under a 12:12 h light/dark cyclewith *ad libitum* access to food and water were used for the xenograft experiment and safety test, respectively. Animal health and behavior were monitored on the drug treatment day. For sacrifice, 4-5% isoflurane was administered via inhalation to mice, and then cervical dislocation was performed under anesthesia. The death of mice was confirmed by monitoring respiratory and cardiac arrest. The maximum loss of body weight of mice observed during the study was 5.6%.

Xenografts
----------

Pancreatic cancer cells (SUIT-2 cells, 1×10^6^ cells; FUR SUIT-2 cells, 2×10^6^ cells) were injected subcutaneously into the back of male BALB/c nude mice (6 weeks old). PBS (n=5, 6 and 8 for the studies evaluating the effects of ferrichrome compared with PBS, the effects of ferrichrome compared with 5-FU and the effects of ferrichrome on FUR SUIT-2 cells, respectively), ferrichrome (10 mg/kg; n=5, 6 and 6, respectively) or 5-FU (10 mg/kg; n=6) treatments were intraperitoneally administered after the injection of SUIT-2 cells. The administration of each drug was started on the day after transplantation, and the durations of treatment with each drug were 12 days (every 2 days), 8 days (daily) and 10 days (daily) for the studies evaluating the effects of ferrichrome compared with PBS, the effects of ferrichrome compared with 5-FU and the effects of ferrichrome on FUR SUIT-2 cells, respectively. The tumor volume was calculated by the following formula: Tumor volume (mm^3^) = 0.5 × (major diameter) x (minor diameter)^2^.

Transcriptome analysis
----------------------

Total RNA from SUIT-2 cells was extracted using an RNeasy mini kit (Qiagen, Inc.) according to the manufacturer\'s protocols. RNA libraries were generated using an Ion Total RNA-Seq kit v2 (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. The RNA libraries were then processed for emulsion PCR using an Ion OneTouch™ system and an Ion OneTouch 200 Template kit v3 (Thermo Fisher Scientific, Inc.). Template-positive Ion Sphere™ particles were enriched and purified for the sequencing reaction with an Ion OneTouch ES system (Thermo Fisher Scientific, Inc.). The template-positive Ion Sphere Particles were then applied on Ion PI™ Chips (Thermo Fisher Scientific, Inc.), and a high throughput sequencing reaction was performed using an Ion Proton™ Semiconductor sequencer (Thermo Fisher Scientific, Inc.). All of the sequencing data were mapped on a human reference genome sequence (GRCh38/hg38), the expression analysis and gene functional annotation analysis for each sample was imported into CLC Genomics Workbench software v9.0.1 (CLC bio; Qiagen Digital Insights), and significant differences between the samples were determined using unpaired Student\'s t-tests.

Construction of FUR SUIT-2 cells
--------------------------------

FUR SUIT-2 cells were obtained by the repeated treatment of non-FUR SUIT-2 cells with 5-FU as previously described ([@b23-ijo-57-03-0721]). The acquisition of 5-FU resistance was confirmed by an SRB assay.

Histopathology
--------------

BALB/c mice (PBS, n=5; ferrichrome, n=5) were treated with PBS or ferrichrome (10 mg/kg) administered daily via tail vein injection for 14 days. The mice were sacrificed after the administration of ferrichrome, their organs were fixed in 4% paraformaldehyde at room temperature overnight. The fixed tissue was embedded in paraffin and cut into 4-*µ*m thick sections, stained with hematoxylin at room temperature for 15 min and eosin at room temperature for 30 sec, and then assessed under a light microscope (magnification, ×200 or ×400). The histological changes were assessed in 3 fields of view.

Complete blood count (CBC)
--------------------------

BALB/c mice (PBS, n=5; ferri-chrome, n=5; 5-FU, n=5) were treated with PBS, ferrichrome (10 mg/kg) or 5-FU (10 mg/kg) administered daily via tail vein injection for 14 days. The whole blood of mice was collected from the inferior vena cava. After collection, 3.2% EDTA was mixed with the whole blood to prevent coagulation. CBC was performed by the New Drug Research Center, Inc.

Serum biochemistry
------------------

Whole blood was collected from the inferior vena cava, subjected to centrifugation at 2,500 × g for 10 min at room temperature, and then the serum of PBS, ferrichrome or 5-FU-treated mice was obtained. The serum samples were kept at -80°C and biochemistry \[creatinine (CRE), TP, albumin (ALB), alanine aminotransferase (ALT), aspartate aminotransferase (AST), iron, sodium, potassium, chlorine, calcium\] was performed by Oriental Yeast Co., Ltd.

Statistical analysis
--------------------

The assay data were analyzed using Student\'s unpaired t-test in two-group comparisons (control and ferrichrome) and Williams test (dose-dependent effects of ferrichrome). To analyze the effects of treatments (ferrichrome or 5-FU), one-way analysis of variance (ANOVA) followed by Bonferroni\'s post hoc test was performed. The datasets where measurements were collected at multiple time points, and the effects of single and combination treatment of ferrichrome and 5-FU were assessed using mixed or between-subjects two-way ANOVA followed by Bonferroni\'s test and two-way ANOVA followed by Tukey\'s post hoc test, respectively. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Ferrichrome inhibits pancreatic cancer progression
--------------------------------------------------

To investigate the tumor-suppressive effects of ferrichrome in pancreatic cancer cells, SUIT-2, PANC-1, MIA PaCa-II, PK-1 and PCI-43 cells were treated with ferrichrome ([Fig. 1A](#f1-ijo-57-03-0721){ref-type="fig"}). An SRB assay revealed that ferrichrome significantly inhibited cell growth in a dose-dependent manner in these pancreatic cancer cell lines, most notably in SUIT-2, MIA PaCa-II and PCI-43 cells. To assess the tumor-suppressive effects of ferrichrome *in vivo*, SUIT-2 cells were transplanted into nude mice, and ferrichrome was intraperitoneally administered. Tumor volume and weight were significantly decreased in animals treated with ferrichrome ([Fig. 1B](#f1-ijo-57-03-0721){ref-type="fig"}). These data indicated that ferrichrome exerted a tumor-suppressive effect in pancreatic cancer cells.

Ferrichrome inhibits the progression of pancreatic cancer cells via p53-mediated cell cycle regulation
------------------------------------------------------------------------------------------------------

Flow cytometry and immunostaining were performed to analyze the effects of ferrichrome on cell cycle progression. These assays showed that the cell cycle was arrested in the S phase, without chromosome misalignment in 1 *µ*g/ml ferrichrome-treated SUIT-2 cells ([Figs. 2A](#f2-ijo-57-03-0721){ref-type="fig"} and [S1](#SD1-ijo-57-03-0721){ref-type="supplementary-material"}). Western blotting revealed that 1, 5 and 10 *µ*g/ml ferrichrome significantly increased the phosphorylation of p53, and decreased the expression of securin and cyclin B1 in SUIT-2 cells ([Fig. 2B](#f2-ijo-57-03-0721){ref-type="fig"}). However, CDKN1B and cyclin D1, which are associated with the progression of cells from the G1 phase to the S phase ([@b24-ijo-57-03-0721]), were not affected by ferrichrome treatment, suggesting that ferrichrome inhibited the progression of the cells to the G2-M phase but not DNA synthesis in SUIT-2 cells. To further determine whether the antitumor effects of ferrichrome were mediated by p53 activation in other ferrichrome-sensitive pancreatic cancer cells, phosphorylation of p53 was assessed in MIA PaCa-II and PCI-43 cells. Western blotting analysis indicated that p53 was activated in a dose-dependent manner without increasing total p53 levels, whereas the downregulation of cyclin D1 and CDKN1B was detected in MIA PaCa-II and PCI-43 cells, respectively ([Fig. 2B](#f2-ijo-57-03-0721){ref-type="fig"}). These findings indicated that p53 activation was required for ferrichrome to exert its antitumor effects, and the roles of other cell cycle-associated molecules were dependent upon the characteristics of the pancreatic cancer cells.

Ferrichrome induces cancer cell apoptosis via upregulation of the p53 pathway
-----------------------------------------------------------------------------

Western blotting showed that cleaved PARP levels in 10 *µ*g/ml ferrichrome-treated SUIT-2 cells were significantly increased compared with control cells ([Fig. 3A](#f3-ijo-57-03-0721){ref-type="fig"}). TUNEL staining indicated that DNA fragmentation was induced by 1 *µ*g/ml ferrichrome to a much greater extent than by 3 *µ*g/ml 5-FU treatment ([Fig. 3B](#f3-ijo-57-03-0721){ref-type="fig"}). To clarify whether the growth suppression induced by ferrichrome treatment was mediated by p53 activation, SUIT-2 cells were treated with pifithrin-*µ*, which inhibits p53 function by directly binding to the DNA-binding domain of p53 ([@b25-ijo-57-03-0721]). The growth suppression induced by 5 *µ*g/ml ferrichrome treatment was reduced from 72 to 35% by treatment with 1 *µ*g/ml pifithrin-*µ* ([Table I](#tI-ijo-57-03-0721){ref-type="table"}), suggesting that ferrichrome suppressed pancreatic cancer cell progression via the upregulation of p53-mediated transcription of mRNAs. A transcriptome analysis was performed to further investigate the induction of p53-related mRNAs by ferrichrome treatment in pancreatic cancer cells. A total of 30 mRNAs that are directly regulated by activated p53 were significantly (\>2-fold) induced in 10 *µ*g/ml ferrichrome-treated SUIT-2 cells in comparison to control cells ([Table II](#tII-ijo-57-03-0721){ref-type="table"}), as well as 48 apoptosis-inducible factors ([Table SI](#SD1-ijo-57-03-0721){ref-type="supplementary-material"}) and 10 iron-related genes ([Table III](#tIII-ijo-57-03-0721){ref-type="table"}). These findings suggested that ferrichrome exhibited antitumor effects via the upregulation of p53-mediated mRNA transcription.

Ferrichrome inhibits tumor progression of 5-FU-resistant SUIT-2 cells as well as 5-FU-non-resistant SUIT-2 cells
----------------------------------------------------------------------------------------------------------------

To compare the tumor-suppressive effects of ferrichrome and 5-FU, SUIT-2 cells were treated with ferrichrome or 5-FU. Growth inhibition was detected following 2 days treatment with ferrichrome (IC~50~: 0.23 *µ*g/ml) or 5-FU (IC~50~: 2.96 *µ*g/ml), and the tumor-suppressive effects of the molecules were not significantly different ([Fig. 4A](#f4-ijo-57-03-0721){ref-type="fig"}). The therapeutic effects of the combined treatment of 0.2 *µ*g/ml of ferrichrome and 0.2 *µ*g/ml of 5-FU were also assessed. Low-dose ferrichrome or 5-FU mildly suppressed tumor cell growth, whereas the combination of these agents synergistically exerted an antitumor effect in SUIT-2 cells ([Fig. 4B](#f4-ijo-57-03-0721){ref-type="fig"}). To determine the tumor-suppressive effects *in vivo*, a mouse xenograft model was generated via the transplantation of 1×10^6^ of SUIT-2 cells, and ferrichrome (10 mg/kg) or 5-FU (10 mg/kg) was intraperitoneally administered. The tumor volumes of the ferrichrome- and 5-FU-treated groups were significantly reduced in comparison to the PBS-treated group from 4 days after treatment onwards ([Fig. 4C](#f4-ijo-57-03-0721){ref-type="fig"}).

Next, FUR SUIT-2 cells were constructed to determine the antitumor effects of ferrichrome in antitumor agent-resistant cells. An SRB assay showed that the growth of FUR SUIT-2 cells was not inhibited by treatment with 3 *µ*g/ml 5-FU, while growth was significantly inhibited by treatment with 1 *µ*g/ml ferrichrome, to the same extent as in the original SUIT-2 cells ([Fig. 4D](#f4-ijo-57-03-0721){ref-type="fig"}). To assess the tumor-suppressive effects of ferrichrome in FUR cells *in vivo*, 2×10^6^ FUR SUIT-2 cells were transplanted into nude mice, and PBS or ferrichrome (10 mg/kg) was intraperitoneally administered daily. The tumor volume in the ferrichrome-treated mice was significantly reduced compared with the PBS-treated mice at 9 days after the start of treatment ([Fig. 4E](#f4-ijo-57-03-0721){ref-type="fig"}). These data indicated that ferrichrome exhibited tumor-suppressive effects *in vitro* and *in vivo*, even in FUR cells, and suggested that the mechanism of action differed from that of 5-FU.

Influence of ferrichrome on the biochemistry and pathological findings of organs in normal mice
-----------------------------------------------------------------------------------------------

To investigated hepatotoxicity, nephrotoxicity and electrolyte imbalance induced by to ferrichrome treatment, PBS or ferrichrome (10 mg/kg) was administered daily via tail vein injection for 14 days. There were no changes in the test values of CRE, TP, ALB, AST, ALT, iron or electrolytes between the control and ferrichrome groups ([Fig. 5A and B](#f5-ijo-57-03-0721){ref-type="fig"}). Ferrichrome treatment was not associated with pathological changes of the organs, including the heart, kidney, small and large intestines, skin, liver, brain, and bone marrow ([Fig. S2](#SD1-ijo-57-03-0721){ref-type="supplementary-material"}).

To compare the safety of ferrichrome to 5-FU *in vivo*, body weight, survival rates and CBC were assessed in mice treated with PBS, ferrichrome (10 mg/kg) or 5-FU (10 mg/kg) via daily tail vein injection for 14 days. No cases of animal mortality were observed, and body weight was not markedly changed by ferrichrome or 5-FU treatment ([Fig. 5C](#f5-ijo-57-03-0721){ref-type="fig"}). The CBC was not significantly altered in the ferrichrome group compared with the PBS group, whereas the leukocyte, erythrocyte, hemoglobin and hematocrit counts were significantly reduced in the 5-FU group compared with the PBS group ([Fig. 5D](#f5-ijo-57-03-0721){ref-type="fig"}). To assess the presence of tissue injury and ferric abnormality, plasma ferritin was evaluated. Plasma ferritin levels were significantly increased in the 5-FU group compared with the PBS group, but not in the ferrichrome group ([Fig. 5E](#f5-ijo-57-03-0721){ref-type="fig"}). These data indicated that ferrichrome did not induce anemia, myelosuppression or tissue injury in the therapeutic range in mice. These findings suggested that ferrichrome exerted tumor-suppressive effects in pancreatic cancer cells with no notable adverse events.

Discussion
==========

The present study revealed for the first time, to the best of the authors\' knowledge, that probiotic-derived ferrichrome exhibited antitumor effects in pancreatic cancer cells *in vitro* and *in vivo*. Notably, the tumor-suppressive effects of ferrichrome were equal to those of 5-FU in SUIT-2 cells and superior to those of 5-FU in FUR cells, indicating the strong efficacy of ferrichrome in the treatment of chemotherapy-naive as well as FUR pancreatic cancer. Furthermore, daily intravenous injection of ferrichrome was not associated with adverse events in the organs of mice. The results of the present study suggested that probiotic-derived ferrichrome may a useful and safe agent for the treatment of pancreatic cancer, which is frequently resistant to existing antitumor drugs.

A previous study indicated that microbiome diversity is strongly associated with the progression of gastrointestinal cancers, including pancreatic cancer ([@b6-ijo-57-03-0721],[@b7-ijo-57-03-0721]). Michaud *et al* ([@b26-ijo-57-03-0721]) and Fan *et al* ([@b27-ijo-57-03-0721]), reported high levels of *Porphyromonas gingi- valis* in patients with pancreatic cancer. Pushalkar *et al* ([@b28-ijo-57-03-0721]) found that *Proteobacteria* was the major genus of gut bacteria in patients with pancreatic cancer. Certain bacteria have recently been detected in pancreatic cyst fluids in intraductal papillary mucosal neoplasms, as well as non-neoplastic cysts ([@b29-ijo-57-03-0721]). These microbial modifications are proposed to induce dysbiosis, thereby promoting tumor progression due to immunological abnormalities ([@b30-ijo-57-03-0721]). In contrast, the present study using pancreatic cancer cells reported that probiotic-derived ferrichrome directly suppressed tumor progression, suggesting that probiotics stably exert an antitumor effect regardless of intestinal conditions or immunological status. Further analyses are required to identify other probiotic antitumor molecules and clarify the role of these molecules, thereby uncovering novel mechanisms underlying the antitumor functions of probiotics in pancreatic cancer, as well as other organ cancers.

Flow cytometry revealed that ferrichrome inhibited the entry of pancreatic cancer cells into the G2-M phase. Likewise, TUNEL staining and western blotting of cleaved PARP showed that ferrichrome induced apoptosis in SUIT-2 cells. Subsequently, the status of cell cycle-associated molecules, including p53, securin, CDKN1B, and cyclins B1 and D1, were examined, and ferrichrome treatment was determined to significantly induce the phosphorylation of p53, and downregulation of securin and cyclin B1, but not CDKN1B or cyclin D1, which are associated with progression to the G1 phase ([@b24-ijo-57-03-0721]). p53 activation, but not reductions in cyclin B1, was observed in other pancreatic cancer cells (MIA PaCa-II and PCI-43), indicating that activation of p53 was a key mechanism via which ferrichrome exerted its antitumor effects, and that downstream events of p53 activation depended on the characteristics of pancreatic cancer cells. Notably, the p53 inhibitor pifithrin-*µ* repressed the antitumor effects of ferrichrome. Furthermore, transcriptome analysis showed that the expression of p53-associated mRNAs was altered by ferrichrome treatment. These data clearly indicated that p53 phosphorylation mediated the antitumor effects of ferrichrome in pancreatic cancer cells. It is widely reported that p53 is a pivotal gatekeeper molecule of the cell cycle in various types of mammalian cells, including pancreatic cells ([@b31-ijo-57-03-0721],[@b32-ijo-57-03-0721]). It has also been reported that an ER-associated molecule, scotin, induced p53 activation under excessive endoplasmic reticulum (ER) stress, thereby inducing cell apoptosis ([@b33-ijo-57-03-0721]). Our previous studies have reported that ferrichrome upregulated ER stress, leading to the activation of the JNK-DDIT3 pathway, and subsequent induction of apoptosis in colorectal and gastric cancer cells ([@b19-ijo-57-03-0721],[@b20-ijo-57-03-0721]). Collectively, probiotic-derived ferrichrome is hypothesized to expose cancer cells to ER stress, and thereby induce apoptosis via the activation of ER stress-associated pathways, including JNK-DDIT3 and/or p53, which is a novel mechanism of the antitumor function of probiotic bacteria.

An SRB assay indicated that the antitumor effects of ferri-chrome were not completely abolished by the p53 functional inhibitor pifithrin-*µ*. Pifithrin-*µ* was administered at 1 *µ*g/ml as higher concentrations completely inhibited the growth of SUIT-2 cells. The p53-inhibitory effect of pifithrin-*µ* was observed to be partial at 1 *µ*g/ml, and p53 with its original properties as a tumor suppressor gene was activated by ferrichrome treatment, resulting in the p53 pathway being partially functional during ferrichrome treatment. It was hypothesized that other pathways associated with cell growth may also continue to function under ferrichrome treatment. Transcriptome analysis also indicated that ferrichrome induced the expression of apoptosis-inducible factors, including CHAC1 and DDIT4, suggesting that other pathways in addition to the p53 pathway were activated and may induce tumor-suppressive effects following ferrichrome treatment of pancreatic cancer cells.

Transcriptome and gene functional annotation analysis of ferrichrome-treated SUIT-2 cells showed that 319 genes were iron-related, and that the expression of 10 iron-related genes was significantly altered by ferrichrome treatment. As ferrichrome interacts with iron ions, it is important to assess the relationship between the antitumor effects of ferrichrome and expression changes in these 10 genes. These molecules are classified by CLC Genomics Workbench software as \'drug-degrading enzymes containing iron ions\' (CYP7A1, CYP3A7-CYP3A51P, CYP2C18, MIOX and RFESD), \'indicators of Rh blood type\' (RHAG), \'iron transporters\' (SLC40A1), \'nitric oxide synthases\' (NOS3) and \'DNA damage repair molecules\' (MUTYH and EXO5). Previous studies reported that the downregulation of SLC40A1, NOS3 and MUTYH ([@b34-ijo-57-03-0721]-[@b37-ijo-57-03-0721]) promoted tumor cell progression, suggesting that these genes worked as tumor-suppressor genes. In the present study, it was shown that ferrichrome induced antitumor effects in pancreatic cancer cells, whereas these tumor-suppressive genes were downregulated. Therefore, changes in these iron-associated genes are not essential for ferrichrome to function, suggesting that the contributions of iron-related genes are secondary in ferrichrome-treated cells.

It was shown in the present study that the antitumor effects of ferrichrome were equal to or greater than those of 5-FU via intraperitoneal injection. To assess the safety of ferrichrome in pancreatic cancer treatment, the CBC, plasma ferritin and serum biochemical test values (CRE, TP, ALB, AST, ALT, iron, electrolytes) of mice treated by ferrichrome or 5-FU via intravenous injection for 14 days were checked. The test values of ferrichrome-treated mice did not show any abnormal changes. Of note, the CBC was not markedly altered by the intravenous injection of ferrichrome; however, the leukocyte, erythrocyte, hemoglobin and hematocrit values of 5-FU-treated mice were significantly decreased. Plasma ferritin levels were significantly increased in the 5-FU group but not in the ferrichrome group, suggesting that ferrichrome did not influence ferritin production. Likewise, abnormal histological changes were not detected in the ferrichrome-treated mice. These data indicated that the safety and therapeutic efficacy of ferrichrome were superior to those of classical antitumor drugs, such as 5-FU.

In FUR SUIT-2 cells, ferrichrome inhibited growth to the same degree as was observed in 5-FU-sensitive SUIT-2 cells. In cancer cells, 5-FU is known to bind to thymidylate synthase, inhibit DNA synthesis and thereby inhibit progression to the S phase ([@b38-ijo-57-03-0721]). The present study showed that ferrichrome inhibited the progression of cancer cells to the G2-M phase via the upregulation of p53, and downregulation of securin and cyclin B1. These data indicated that the mechanisms underlying the antitumor effects of ferrichrome differ from those of 5-FU, suggesting that ferrichrome could be used clinically as an anti-tumor drug for the treatment of pancreatic cancer that shows resistance to existing drugs.

In conclusion, it was revealed the antitumor effects of probiotic-derived ferrichrome in pancreatic cancer cells, including FUR cells. The mechanism via which ferrichrome suppressed cancer cells appeared to involve the induction of cancer cell apoptosis via p53 upregulation, which differs from the mechanisms of existing drugs. These findings indicated that probiotics are associated with pancreatic tumor progression, and probiotic-derived ferrichrome is expected to be a novel attractive ant-tumor agent for the treatment of refractory pancreatic cancer.
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![Ferrichrome exhibits antitumor effects *in vitro* and *in vivo*. (A) Sulforhodamine B assay showing the growth suppression effects of ferrichrome in SUIT-2, PANC-1, MIA PaCa-II, PK-1 and PCI-43 cells (n=3). ^\*^P\<0.05 vs. 0 *µ*g/ml. (B) Ferrichrome exerted antitumor effects in a mouse xenograft model of pancreatic cancer cells. Ferrichrome was dissolved in PBS, and 10 mg/kg of ferrichrome or PBS was administered intraperitoneally to BALB/c nude mice transplanted with 1×10^6^ SUIT-2 cells (n=5). The tumor volume and weight of the ferrichrome group were significantly decreased compared with the PBS group. Data are presented as the mean ± SD. Data were analyzed using Student\'s t-test, Williams test or two-way ANOVA followed by Bonferroni\'s post hoc test. ^\*^P\<0.05 vs. Control or as indicated. OD, optical density.](IJO-57-03-0721-g00){#f1-ijo-57-03-0721}

![Ferrichrome inhibits the initiation of the G2-M phase in pancreatic cancer cells. (A) Flow cytometry showing that after SUIT-2 cells were accumulated in the G1 and S phase of the cell cycle by the ferrichrome treatment. (B) Western blot analysis of p-p53, securin, cyclin B1, CDKN1B and cyclin D1 after 48 h of ferrichrome treatment in pancreatic cancer cells. Data are presented as the mean ± SD of three independent experiments. Data were analyzed via Williams test. ^\*^P\<0.05 vs. 0 *µ*g/ml. CDKN1B, cyclin-dependent kinase inhibitor 1B; p, phosphorylated.](IJO-57-03-0721-g01){#f2-ijo-57-03-0721}

![Ferrichrome induces apoptosis in pancreatic cancer cells. (A) Western blotting revealing that cleaved PARP was significantly increased after 48 h of 10 *µ*g/ml ferrichrome treatment. (B) TUNEL staining indicated the that 1 *µ*g/ml ferrichrome induced apoptosis more strongly than 3 *µ*g/ml 5-FU. Data are presented as the mean ± SD of three independent experiments or fields. Data were analyzed via Williams test or one-way ANOVA followed by Bonferroni\'s post hoc test. ^\*^P\<0.05 vs. 0 *µ*g/ml or as indicated. PARP, poly (ADP-ribose) polymerase; 5-FU, 5-fluorouracil; DIC, digital image correlation; ns, not significant.](IJO-57-03-0721-g02){#f3-ijo-57-03-0721}

![Ferrichrome exhibits antitumor effects in FUR SUIT-2 cells. (A) SRB assay showing dose-dependent effects of ferrichrome (IC50: 0.23 *µ*g/ml) and 5-FU (IC50: 2.96 *µ*g/ml) on SUIT-2 cells (n=5). (B) Combination effect of ferrichrome and 5-FU in SUIT-2 cells (n=3). (C) Ferrichrome exerted anti-tumor effects equal to or stronger than 5-FU in a mouse xenograft model (n=6). Ferrichrome and 5-FU were dissolved in PBS, and 10 mg/kg of ferrichrome, PBS or 10 mg/kg of 5-FU was administered intraperitoneally every day for 8 days to BALB/c nude mice transplanted with 1×10^6^ SUIT-2 cells. The maximum tumor volume and diameter of the transplanted tumor were 684 mm^3^ and 11.7 mm (PBS), 303 mm^3^ and 9.1 mm (5-FU), and 194 mm^3^ and 8.4 mm (ferrichrome), respectively. The maximum combined tumor diameters were 22.8 mm (PBS), 18.1 mm (5-FU) and 16.3 mm (ferrichrome). (D) SRB assay demonstrating that 1 *µ*g/ml ferrichrome significantly reduced tumor cell growth in both 5-FU-sensitive and FUR SUIT-2 cells after 2 days of treatment (n=5). (E) Ferrichrome suppressed tumor progression in FUR SUIT-2 cell-transplanted mice (n=6-8). The maximum tumor volume and diameter of the transplanted tumors were 468 mm^3^ and 11.3 mm (PBS) and 213 mm^3^ and 8.2 mm (ferrichrome), respectively. The maximum combined tumor diameters were 17.6 mm (PBS) and 14.9 mm (ferrichrome). Data are presented as the mean ± SD. Data were analyzed via one-way, two-way or mixed ANOVA followed by Tukey\'s or Bonferroni\'s post hoc tests. ^\*^P\<0.05 vs. PBS or as indicated. 5-FU, 5-fluorouracil; FUR, 5-FU-resistant; SRB, sulforhodamine B; OD, optical density.](IJO-57-03-0721-g03){#f4-ijo-57-03-0721}

![Ferrichrome does not affect serum biochemistry. (A) Biochemical analysis of CRE, TP, ALB, AST, ALT and iron. (B) Biochemical analysis of serum electrolytes. (C) Body weights of ferrichrome (10 mg/kg)- or 5-FU (10 mg/kg)-treated mice were not significantly altered following an administration period of 14 days. (D) Complete blood count was not significantly altered in the ferrichrome group, but the white and red blood cell, hemoglobin and hematocrit values were significantly reduced in the 5-FU group. (E) Plasma ferritin levels were significantly increased in the 5-FU group but not in the ferrichrome group. Data are presented as the mean ± SD. Data were analyzed using Student\'s t-test, or one-way or mixed ANOVA followed by Bonferroni\'s post hoc test. ^\*^P\<0.05 vs. PBS or as indicated. CRE, creatinine; TP, total protein; ALB, albumin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; 5-FU, 5-fluorouracil; ns, not significant.](IJO-57-03-0721-g04){#f5-ijo-57-03-0721}

###### 

Growth-inhibiting effect of 5 *µ*g/ml ferrichrome.

  Ferrichrome (*µ*g/ml)   Pifithrin-*µ* (*µ*g/ml)   Growth inhibition effect (%)
  ----------------------- ------------------------- ------------------------------------------------------
  0                       0                         100±3.2
  5                       0                         72±3.4
  5                       0.1                       60±4.2[a](#tfn1-ijo-57-03-0721){ref-type="table-fn"}
  5                       0.5                       57±1.4[a](#tfn1-ijo-57-03-0721){ref-type="table-fn"}
  5                       1                         35±9.4[a](#tfn1-ijo-57-03-0721){ref-type="table-fn"}

P\<0.05 vs. 0 *µ*g/ml.

###### 

List of mRNAs with significantly altered expression in ferrichrome-treated SUIT^−2^ cells.

  Gene                Fold change   P-value
  ------------------- ------------- -------------
  ITGAM               2.29          1.99×10^−2^
  ISG20               2.21          6.10×10^−3^
  DUSP5               2.04          8.34×10^−4^
  KLF7                2.03          4.51×10^−3^
  TMEM29              2.31          2.88×10^−2^
  JDP2                3.69          4.32×10^−3^
  PDGF-R-β            2.41          1.12×10^−3^
  G6PE                2.03          2.62×10^−2^
  ARTN                2.09          4.00×10^−2^
  LIPIN1              2.04          8.54×10^−5^
  TEL2                3.24          8.59×10^−4^
  Syntaxin 11         3.51          6.04×10^−3^
  SLC7A11             2.75          1.59×10^−4^
  Syk                 2.05          2.90×10^−2^
  ABCC11              2.56          2.82×10^−2^
  DENND2C             2.20          5.02×10^−4^
  FGF18               2.58          4.50×10^−2^
  DAB1                2.21          5.14×10^−3^
  CYP3A7              6.20          3.17×10^−2^
  iASPP               2.06          6.93×10^−3^
  BNIPL               2.07          4.71×10^−2^
  FLJ11259            2.94          6.66×10^−4^
  Gdap1               2.48          9.30×10^−3^
  NF-κB2 (p100)       2.05          2.55×10^−3^
  TRUNDD(TNFRSF10D)   3.10          1.47×10^−4^
  VEGF-A              2.57          4.17×10^−3^
  SORBS1              2.07          3.71×10^−6^
  Keratin 15          3.93          2.98×10^−4^
  ATF-3               2.36          9.41×10^−3^
  REDD1               5.10          6.19×10^−4^

###### 

Altered expression of iron-related genes in ferrichrome-treated SUIT-2 cells.

  Gene              Fold change   P-value
  ----------------- ------------- -------------
  CYP7A1            14.78         6.40×10^−3^
  MIOX              7.97          1.11×10^−2^
  CYP3A7-CYP3A51P   6.20          3.17×10^−2^
  RHAG              2.67          1.54×10^−2^
  RFESD             2.16          3.53×10^−2^
  CYP2C18           -2.04         4.86×10^−3^
  MUTYH             -2.12         4.50×10^−3^
  NOS3              -2.53         4.29×10^−2^
  SLC40A1           -3.61         7.75×10^−3^
  EXO5              -3.78         1.91×10^−4^

[^1]: Contributed equally
